I. INTRODUCTION
The Hanford ERDF, scheduled for construction during 1995, is a310w-level waste disposal site that will be capable of holding almost 22,000,000 m of waste. While the radionuclide concentration in this facility will be low and water infiltration slight, the potentially large volume could, in combination with excessive concentrations, result in the release of a contaminant plume of some significance relative to established dose limit performance objectives in DOE Order 5820.2A. The resulting contaminant plume could eventually reach the unconfined aquifer beneath the site and could lead to offsite exposures through the use of water drawn from the aquifer or the Columbia River. Therefore, it is necessary to evaluate the potential extent of groundwater contamination and subsequent dose to a downstream user of the groundwater. The results of this evaluation can be used to establish inventory limits and waste form requirements, as needed. Modeling the transport processes can define the relationship between the trench inventory and the peak concentration in the aquifer. that apply to a drinking-water well 100 m downstream from the waste trench, it is necessary to determine the rate at which contaminants migrate from the trench to the aquifer and the degree of dilution that takes place in the aquifer. In order to do this four things are necessary: a site characterization (e.g., soil parameters), a velocity-vector field for water flowing down from the surface to the aquifer and in the aquifer itself, a release rate for contaminants from the trench, and a transport rate for the movement of contaminants through the vadose zone and aquifer.
paper will describe the steps involved in modeling this process for the ERDF.
Because the most restrictive regulatory limits typically are those This
METHODS
Modeling contaminant movement through the vadose zone and the unconfined aquifer beneath the Hanford Site requires a sophisticated, two-or three-dimensional, fini te-el ement code capable of representing moisture movement and sol Ute transporg in variably saturated porous media. version 3.1.
The code chosen for this project was VAM3DCG VAM3DCG requires that a three-imensional mesh structure be developed that represents the region to be modeled. dimensional elements, each of which is defined by eight node points. These elements need not be regular; however there is a certain degree of error associated with nonorthogonal elements.
The mesh consists of a number of threeFor each element and each node, VAM3DCG requires input based on site characteristics, in particular, boundary conditions, initial conditions, and parameters in the transport equations. Nodal boundary conditions required for this problem are the surface fluid flux (resulting from precipitation), the prescribed pressure head values (which define the depth and gradient of the aquifer), and the mass flux on the surface (which is defined as the bottom of the trench). Initial conditions are the soil saturations, pressure-heads, and initial waste concentrations in the soil under the trench. The other required parameters are mostly soil characteristics, including the saturated hydraulic conductivity, specific storage, saturated water content, residual saturation, dispersivity, poros i ty , and dens i ty .
Once the appropriate material properties and boundary conditions have been assigned, the next step is to calculate the flow field that will be in effect beneath the trench. To do this, VAM3DCG takes the nodal boundary conditions (surface recharge and pressure-head gradient in the aquifer region) and solves the governing equations for variably saturated flow. a steady-state vector field of Darcy velocities for the entire model.
The result of this calculation is
After the velocity field has been established, the material transport equations can be solved. An essential input to this, along with the velocity field, is the contaminant source term. flux from the bottom of the trench. dimensional model of the trench was used. In most cases this was an advectiondominated model.
This typically takes the form of a time-dependent material
To determine this release rate a simple one-
The advection-dominated release model is used to simulate the processes of The release from unstabilized waste. For unstabilized waste, the radionuclides exit the facility at a rate determined by the flow of water and the amount of dispersion (mixing) in the disposal ?nit (i.e., by near-field transport processes). mixing-cell cascade model used here is based on the dispersion analysis of chemical reactors and allows the analysis to incorporate the effects of dispersion in the trench in a simplified manner. In this model, the disposal unit is considered to be composed of a cascade of N equally sized, well-stirred cells in series. volume of the N cells is equal to the volume of the disposal unit.
The total
The mixing-cell $ascade model for N equally sized cells is described by the fol 1 owi ng equat i on : In the limit, as N tends to infinity, the model represents flow through a system with zero dispersion, whereas for N equal to one, the model represents flow with an infinite dispersion coefficient.
MODELS
The ERDF design calls for a trench approximately 300 m wide and 2 1 m deep. The trench is intended to be built in a modular fashion (i.e., expanded as needed) up to a maximum length of approximately 2740 m. The trench will slope up on the sides and ends, making the surface dimensions somewhat larger (approximately 430 m by 2870 m).
The ERDF, if3expanded to its maximum size, will be capable of holding almost 22,000,000 m of waste (mostly in the form of contaminated soils). The long axis of the facility will be oriented east-west, which is parallel to the aquifer flow beneath the site.
The ERDF was modeled using a three-dimensional, rectangular-mesh geometry. The aquifer was modeled with the direction of flow as the axis and depth as the Y axis.
The Z axis (perpendicular to the aquifer flow) was represented by two planes, 1 m apart, with reflective boundaries, which effectively modeled an infinitely wide trench. The downstream end of the trench was modeled along with 150 m of trench upstream (see Figure 1) .
after prel iminary calculations demonstrated that the peak concentrat ons predicted for these trenches are relatively independent of the distribution o f the waste parallel to the aquifer flow (assuming a fixed inventory). The bulk of the model is
The exact length of the trench was treated as arbitrary made up of 5-m by 5-m mesh. elements is gradually reduced to 1 m. 0.5-m mesh is used for a more accurate representation of the slope. have the capability of using nonorthogonal mesh, so the slope could have been modeled explicitly. There is, however, an error proportional to the degree of nonorthogonality, and when the technique was tried for this case, the calculated velocity field had significant horizontal gradients in it. Therefore, standard rectangular mesh, arranged in a stair-step fashion, is used to model the slope.
In the vicinity of the liner, the height of the Along the sloped side of the trench, 0.5-m by VAM3DCG does A number of parameters are needed to model the vadose-zone hydrology and transport from the ERDF site. zone is extremely sensitive to the moisture content of the sediment. parameters that characterize the vadose-zone hydrology are the moisture retention characteristics and the unsaturated hydraulic conductivities of the soils and sediments within the vadose zone.
The rate at which water can travel through the vadose Important Construction of a model to represent the vadose zone and the unconfined aquifer
There are two major units beneath the ERDF site, the beneath the ERDF site was limited by the scale of geologic heterogeneity and the amount of geohydrologic data available to distinguish the stratigraphic units and subunits from each other.
Hanford and the Ringold, and several subunits. The selected model used five material layers, in addition to the facility liner. Layer thicknesses and hydrologic properties were based on the lithologic description derived from continuous cores taken from boreholes within the ERDF site and adjacent sites. water table beneath the ERDF site is at 97 m, with a thickness of slightly over 30 m. Although the exact depth of the bottom of the unconfined aquifer was estimated, this uncertainty has little consequence in the analysis because there is little vertical dispersion in the aquifer over the range of interest.
The
The use of layer-cake stratigraphy was justified by the observation that variation in thickness is not extreme for any of the units considered in the analysis. significance of variability in vadose-zone permeabilities and thicknesses by doing a comparative analysis in which the most permeable unit was assumed to exist throughout the vadose zone. radionuclide concentration estimates are not highly sensitive to these kinds of parameter variabilities.
In addition, a sensitivity study was performed to evaluate the This analysis supported the contention that In spite of the relative consistency of the stratigraphic units, there are anomalies that could pose problems. occur sporadically in the Hanford formation and have been observed in the ERDF site. The dikes are quite variable in size and makeup. Typically the cross-sectional area is small (tl m ' ) .
No permeability information is available, but the dikes potentially could be filled with high permeability material. Because of the small volume of these dikes and the low frequency of occurrence, however, it is expected that they will have little impact on the flux of contaminants. To confirm this, a sensitivity analysis was performed to evaluate the potential impact of these dikes. A total of five moisture-characteristic curves, representing the five subunits and two materials for the liner, were used for the simulations. The five formation types (four Hanford sediment 1 ayers, and Ringold "E" gravel ) and the 1 iner materials (clean gravel and clay) are referred to ashmaterial types 1 through 7, respectively (see Table 1 ) .
fitted with the van Genuchten model using the computer code RETC. All unsaturated conductivity estimates are based on the Mualem predictive model, 1 aboratory-measured Vertical features referred to as clastic dikes The 1 aboratory-measured moisture retention data were saturated conductivity, and the fitted moisture retention curve. Additional boreholes have recently been drilled at the ERDF site and unsaturated conductivity experiments will be performed on the borehole samples. These additional data, along with moisture-retention data for samples collected from boreholes drilled recently at the site, will allow us to check on the accuracy of our predicted values.
The ERDF trenches will be lined with a barrier constructed of a layer of gravel over a layer of clay. This liner is intended to add an additional layer of protection against release of contaminants to the groundwater in the event o f higher infiltration rates. Because this liner i s thin and has material properties that are considerably different from the surrounding soil types, it adds a great deal to the computational complexity (and therefore cost) of the modeling effort. As long as the trench cover is in place or the infiltration rate remains otherwise low however, the liner should have only a small effect. Furthermore, omitting the liner from the model is a conservative assumption and simulates the possibility of a mechanical failure in the liner. For these reasons the base case was run both with and without the liner, for comparison, and the other sensitivity studies were run without 1 iner in the model. the Sorption and desorption reactions that control the distribution of radionuclides between water and solid will have a significant impact on the peak concentrations in groundwater. Typically, the distribution is quantified by a sorption coefficient, or Kd (mL/g), whose value increases as the relative fraction of radionuclide increases on the solid phases. Exact values for Kd are difficult to determine, so in order to be conservative, 0.0 is typically used. performed, however, t o evaluate the impact of a higher Kd.
The driving force behind the transport to the groundwater is the recharge from precipitation. and evaporation, transpiration, and runoff. Lysimeter studies have been used to A parametric study was
The recharge is the difference between site-spEcific precipitation evaluate Hanford Site recharge processes. degree of vegetation can have profound effects on the movement of water, the estimate of recharge at a specific site is usually associated with high uncertainty. For the purposes of this study, it was assumed that a cover would be constructed over the ERDF site that would limit Because the texture of sediments and the recharge to 0.005 m/yr.
The contaminant source term for the ERDF trench was modeled as 1.0 Ci of waste distributed evenly throughout the trench. The 1.0 Ci amount was chosen arbitrarily based on the assumption that the peak concentration in the groundwater is directly proportional to the inventory (i.e., it is scalable). Parametric studies have born out this assumption. mixing cell cascade algorithm, as discussed previously. The resulting release rate, for a typical node in the bottom of the trench, is shown in Figure 2 . This release rate was used as an input to the VAM3DCG calculations.
A release rate from the trench was calculated based on a
In addition to the advection-dominated release, a solubility-dominated release model was used. isotopes (such as uranium) that have a maximum concentration less than tgat predicted by the advection-dominated model. again on the assumption that it was scalable.
In this case the concentration was constant over time to represent A concentration of 1.0 Ci/m was used,
IV. RESULTS
The results of the groundwater analyses for the ERDF are presented in this section. The primary results of these analyses are the maximum concentrations in the well and the times at which they occur. These results are summarized, for all of the cases, in Table 2 .
A. Base Case
The release and transport results for the base case ERDF model are shown in Figures 3 and 4 . Four different times were chosen to show a characteristic progression. significant aspects of the soil column hydrologic characteristics can also be seen in Figure 3 . First, moderate dispersion is seen in the analysis, as shown by the slight horizontal spreading of the plume beyond the vertical boundaries of the trench until the plume reaches the aquifer and the minimal vertical spreading of the plume in the aquifer. demonstrates the change in direction of flow from vertical to horizontal in the vadose zone and the unconfined aquifer. Third, the concentration contour lines show a significant increase in dilution of contaminant concentration brought about by mixing vadose-bearing water with fresh water in the unconfined aquifer. shows the peak concentration in the downstream well. The base case was also run with no liner. The general shape of the resulting concentration curve was essentially the same, but the peak increased by about 8% and occurred slightly earlier. Several other liner/no liner comparisons were made, and the difference was found to be the same or smaller.
high Kd case. In this case, the absence of a liner resulted in an increase in peak concentration of approximately 22%.
omitting the 1 iner was small, and in a1 1 cases it was conservative, so the 1 iner was omitted from the remaining cases.
The only exception was in the For the most part, however, the effect of 
